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Mountain forests provide important ecosystem services, such as protection against natural hazards, carbon 20 sequestration, and plant and animal biodiversity. Natural disturbances occurring in forests can alter the provision 21 of ecosystem services to local and offsite communities, but their influence on multiple service tradeoffs has rarely 22 been analyzed. 23 Our aim is to analyze the effect of avalanche frequency on the provision of ecosystem services in a mountain 24 forest in the Italian Alps. We sampled tree and understory vegetation, soil carbon, and intensity of the browsing 25 damage at 10 plots at each of the following observation sites: (1) an active avalanche track ("recent 26 disturbance"), (2) an area last disturbed in 1959 by avalanches ("old disturbance"), occupied now by a dense 27 aspen forest, and (3) the regularly managed spruce-fir stand ("control"). We computed metrics of plant diversity 28 (Shannon and evenness indices), aboveground and belowground carbon stocks, and a browsing index on 29 regeneration and shrubs as a proxy for ungulate habitat. Finally, we assessed the ability of forests in each site 30 to mitigate rockfall hazard. 31 In our study, higher avalanche frequency was associated with lower carbon stock, higher species diversity, and 32 lower protection against rockfall. Of all species found in the avalanche track, 54% were exclusive to that site. 33 After 50 years, the post-disturbance stand provided a very high protection effect against rockfall, but was tempo-34 rarily unsuitable for wild ungulate habitat, due to the high tree density and lack of open areas. Species richness 35 and diversity were lower in older than in more recently disturbed sites, and not significantly different than the 36 control stand. The control stand fulfilled the requirements for minimal protection against rockfall, but may lose 37 its effectiveness in the near future due to senescence or disturbance-related mortality of canopy trees. 38 Elucidating the tradeoffs between ecosystem services and disturbance frequency will support managers in 39 planning management actions (e.g., avalanche protection measures), and assess tradeoffs between the need to 40 mitigate risks in the most vulnerable areas and the opportunity to improve the provision of ecosystem services 41 where some disturbance can be allowed to occur. are not the main interest, e.g., in those parts of the Alps where timber 56 extraction has ceased to be profitable due to socio-economic changes 57 (Conti and Fagarazzi, 2004; Walther, 1986) , regulatory functions play 58 an important role for both local and offsite communities.
59
In particular, Alpine regions have developed programs to identify 60 and manage direct protection forests, i.e., forests that protect human 61 settlements or infrastructures from gravitational hazards such as rock-62 fall, avalanches, and debris flow (Berger and Rey, 2004; Brang, 2001; 63 Brang et al., 2006; Wehrli et al., 2007) . The effectiveness of forest stands,
64
or of specific stand structures, in mitigating natural hazards has been (Butler, 1985; Rixen et al., 2007 (Viglietti et al., 2010) , but also at landscape scale, e.g., by modifying con-133 nectivity and the spatial pattern of the forest matrix (Butler, 2001) .
134
However, their role in relation to the provision of ecosystem services 135 is still unexplored. 2010, 2015).
175
The Regional Avalanche Cadastre (CRV) (Lunardi et al., 2009) cupied by a dense aspen forest (Fig. 2b) . At the transition between the 198 track and deposition zones, we identified three different study sites
according to the frequency of disturbance (Fig. 1, Fig. 2b ), which are 200 described in the next section.
201
Finally, the whole study area is mapped as a direct protection forest and micaceous-chloritic carbonate schists (Perello et al., 1999 between any two plots was 280 m (Fig. 1) .
231
Sampling was carried out in summer 2012. In each plot we sampled 
245
For the analysis of carbon stocks, we sampled the following: 
Data analysis

258
For each sampling plot, we computed total tree density, basal area, 259 species composition by density and basal area, quadratic mean diameter
260
(QMD), mean height, and total tree volume (V) by applying DBH-to-261 volume equations for spruce (Nosenzo, 2005) and broadleaves 262 (Castellani et al., 1984) . Following preparation of tree cores (Stokes 263 and Smiley, 1996), we computed the total tree age at coring height and used it to compute missing ages for all tallied trees.
268
The volume and dry biomass of coarse woody debris (W CWD )
269
were obtained by applying the equations for line intercept sampling 270 (Pearson et al., 2007 ) (Eq. 1): 
where L is transect length, d CWD is the measured diameter of each coarse woody debris element, and k is the wood density associated with each decay class (class 1: 0.43 t m −3 , class 2: 0.34 t m − 3 , class 3: (Pearson et al., 2007 (2)):
278 278
where BEF is biomass expansion factor, R is the belowground: aboveground biomass ratio, and k T is species-specific wood density 279 (Table 1) . Shrub biomass (W S ) was computed allometrically (Ohmann 280 et al., 1976) (Eq. (3)): per-hectare basis (C soil ) (Eq. (4)):
where BD is dry bulk density of the soil, and depth is the sampled soil depth (5 cm).
291
Plant diversity was assessed at the plot level by computing total spe-292 cies richness (SR), Shannon diversity index (H′, Eq. (5)) and Shannon 293 equitability index (E, Eq. (6)) (Magurran, 1988) : (Boulanger et al., 2009 ) (Eq. (7)): 
321 321
Finally, we assessed rockfall protection by using the online tool a typical uneven-aged size distribution (Fig. 4) . Maximum tree age in 354 the dendrochronological subsample trees ranged from 71 years
355
(aspen) to 210 years (spruce); after fitting DBH-age models (Fig. 5) ,
356
we estimated that the oldest trees in the control area could be around (5% and 13% on average, respectively).
362
In the old disturbance site the forest was dominated by a dense layer 363 of pole-stage aspen (4000 trees per hectare on average, QMD = 13 cm)
364
( The average amount of carbon in the aboveground, belowground, 382 coarse woody debris, litter, and soil compartments was inversely pro-383 portional to the disturbance frequency, i.e., higher in the control and 384 lower in the avalanche track (Fig. 7) . The latter had more carbon in 385 the herb and shrub layers, but the total amount was significantly higher 386 in the control stand (400 Mg ha −1 on average) ( 
Acer (among tree species) ( Table 3) . Summer resource availability (herb 408 and shrub cover) and hiding cover by trees were respectively higher 409 and lower in the recent disturbance site (Table 5) .
410
The most effective stand for rockfall protection was the old distur- (Bottero et al., 2013) . 
In the study area, higher avalanche frequency was associated with:
427
(1) lower aboveground and belowground carbon stock, (2) higher spe- Gough et al., 2007; Pregitzer and Euskirchen, 445 2004; Richter et al., 1999; Thornton et al., 2002 (Gleixner et al., 2009; Krug et al., 2012; Luyssaert et al., 2008; Zhou Fig. 6 . Scatterplot of tree ages (all species -both measured and modeled tree age) in all sampling plots from the control (C), old (O) and recent (R) avalanche sites. (Connell, 1978; Fox, 2013) . In our study, we 517 found that the active avalanche track had the highest species richness 518 and diversity (Shannon index, although not significantly). This is in con-519 trast with the IDH, but in accord
Q13
with previous research on the effect of 520 disturbances on plant diversity in mountain forests, and particularly 521 avalanches (Fischer et al., 2012; Ilisson et al., 2006; Rixen et al., 2007) .
522
The plant community of the avalanche track can be described as a 523 true avalanche grassland (Erschbamer, 1989) , with species belonging 524 to typical avalanche grasslands (Molinio-Arrhenateretea) and to the 525 adjacent mountain meadows (e.g., T. flavescens). High richness in the 526 avalanche track can be explained by (1) gravitational transport of prop-527 agules of plants from higher elevations (Erschbamer, 1989) ; (2) living legacies such as resprouting broadleaves (Rixen et al., 2007) .
534
Therefore, the maintenance of a periodically disturbed portion of the 535 land is beneficial for overall species richness and diversity, facilitating 536 the persistence of more light-demanding, early-seral species (Lonati 537 et al., in press).
538
Previous research found that the shift from shrub-to tree-dominat- (Fischer et al., 2012) .
548
If we focus on the study site as a unique ecosystem, we notice that 549 only one-third of the total number of species found was common to 550 all disturbance treatments, i.e., the total species richness was higher 551 than in any individual disturbance treatment. gulates (Pépin et al., 2004) . Browsing can affect future species composi-583 tion of the forest (Motta, 1996) ; in the study area, this effect could be 584 important for silver fir (Klopcic et al., 2010) , which is highly palatable 585 and, at the same time, not so abundant in the regeneration layer 586 (Table 3 ).
Q15 587
In past studies, the optimal habitat for red deer and roe deer has 588 been described as a mixture of open meadows and closed canopy, rich 589 in forest edges so as to provide both food and shelter to the animals 590 (Gill et al., 1996; Hanley, 1984; Licoppe, 2006 oritized (e.g., rockfall nets or temporary log fences).
613
More interestingly, the old disturbance stand is currently very effec-614 tive against rockfall protection (PRH: 99% for moderate-sized rocks, and
615
83% for large rocks), mainly because of the high density of stems, which 616 may act as a fence blocking falling rocks (Gsteiger, 1993; Jancke et al., 617 2009; Vacchiano et al., 2008) . 
624
This study assessed changes in ecosystem services provided by a 625 spruce-fir mountain forest disturbed by avalanches, by comparing car-626 bon stock, plant diversity, ungulate habitat, and protection against rock-627 fall in stands experiencing zero, one, and multiple disturbance events.
628
We showed that: (1) high disturbance frequencies are beneficial for 629 plant diversity, (2) after 50 years the forest was optimal for rockfall pro-630 tection, and (3) the regularly managed forest had the highest carbon 631 stocks.
632
Avalanches are a source of patchiness and habitat heterogeneity.
633
Once safety of households and roads is ensured, the maintenance of a 
